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II. CONSTRUCTION OF THE SUBSCALE MAGNET

A. Magnetic Field Design
The subscale coil is designed with common coil configuration that generates high magnetic field with a minimum-gap [4] , [5] . The four double pancake racetrack coils were arranged with two Nb 3 Al coils sandwiched between two Nb 3 Sn coils for the first stage test. A half cross-section of the subscale magnet is shown in Fig. 1 . The outside Nb 3 Sn coils produced by LBNL [6] are used to increase the peak field in the Nb 3 Al coils. The two Nb 3 Al coils in the center of the magnet reverse the current direction in each coil, as shown in the inset of Fig. 1 . In this configuration, the Nb 3 Sn coils will reach the critical current of 12.6 kA and the peak magnetic field of the Nb 3 Al coil is reached 10.4 T. The load lines calculated with the measurement data of each strand [7] , [8] are shown in Fig. 2 . Major design parameters of the magnet are listed in Table I .
B. Fabrication of Nb 3 Al Coils
The design concept incorporates the original development at LBNL with the Nb 3 Sn technology [6] . A schematic view of the Nb 3 Al coil is shown in Fig. 3 See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. wires were successfully developed in collaboration with FNAL [8] . The coils wound around a central island were heat-treated at a temperature of 800 • C for 10 hours to obtain the A15 phase. The brittle heat-reacted coils were impregnated with epoxy-resin to improve the mechanical properties. The details are reported in a previous paper [9] .
C. Magnet Assembly
A shell-based structure and "bladder & key" technique both developed by LBNL [10] were adopted for the application of the preload to the coils. Aligned four coils were connected by alignment pin with center hole. Coil-to-coil and ground insulations were accomplished by 1 mm thick glass fiber reinforced plastic (GFRP) spacers. The whole coil stack was sandwiched by two aluminum bronze plates whose thickness is a half of the Nb 3 Al coil. This "coil pack" subassembly is inserted and centered in to the iron-yoke and aluminum shell with pads and fillers (see Fig. 1 ). The vertical and horizontal pre-stress was applied by the bladders and then locked by keys. The longitudinal pre-stress was provided by four aluminum rods with a diameter of 36 mm, which are stretched by oil-hydraulic cylinders. Additional pre-stress is applied either by thermal contraction of the aluminum shell for vertical and horizontal directions, or by the aluminum rods for longitudinal direction. Stress was monitored by strain gauges attached to the shell, keys, rods, and end spacers. In the magnet design, a preload of 1200 kN per key in vertical direction and 220 kN per rod in longitudinal direction are required to minimize the displacement of coils due to the hoop tension. This common coil magnet requires the higher horizontal preload of 2200 kN per key due to the inefficient load transmission to the coil: the preload is mostly intercepted by the horse-shoe structure (see Fig. 3 )
III. TEST OF SUBSCALE MAGNET
A. Mechanical Behavior
Although the measurements of vertical and horizontal keys are slightly smaller than the simulated values, the behavior is in good agreement with the simulation. In longitudinal direction, the effect of the thermal contraction of the aluminum rod is smaller than the simulation. This might be caused by the unpredicted bending deformation of the longitudinal support components during thermal cycle.
B. Quench History
The first excitation test of the magnet was performed at 4.5 K in June 2014. The magnet was excited up to certain currents step by step and then shutdown tests were made for the system check. Due to the power supply tripping with the cooling water problem, we were not able to supply a current to the magnet at a ramp rate of 20 A/s or lower. Voltage spikes by the magnetic flux jump were not observed during the test.
A training quench history is summarized in Fig. 5 . The ramp rate was 20 A/s for the first to the #5 quenches. Most of training quenches were performed at 40 A/s except #12, #21, #22, and #23 quenches. The magnet went to directly plateau after one training quench. All quenches at nominal ramp rate occurred in Nb 3 Sn coils. The highest quench current of the magnet, 9667 A in the Nb 3 Sn coil, was reached at 40 A/s corresponding to 9.0 T in the Nb 3 Sn coil and 8.2 T in the Nb 3 Al coil. This current is 77% of calculated load line of the Nb 3 Sn coil.
C. Quench Location
Voltage taps are installed in each coil as shown in Fig. 3 . The voltages of each voltage tap segment are measured by a multi-channel ADC with a sample rate of 0.1 ms. For the segments SL1-S1_10T1 and S1_01T-SL2 where a high voltage is expected to be measured the signals are attenuated by 1/100. The examples of the voltage signals for #16 and #23 quenches are shown in Fig. 6 . Because the differences of the quench start time of three segments are less than 1 ms, the quenches presumably occurred at multiple locations. Most quench signals in the Nb 3 Sn coils show a pattern similar to Fig. 6(a) . As described in the following section, a structural problem of the magnet is suspected as the cause of those quenches.
In Fig. 6(b) , the Nb 3 Al K3 coil quenches at 7299 A with a fast ramp rate of 120 A/s and the quench starts from the region between the 10th turn tap and 5th turn tap in the 1st layer adjacent to the median plane. It then propagates to the next central 5 turns after 9.0 ms. We obtained the longitudinal quench propagation velocity 30 m/s by the slope of voltage from −40 ms to −35 ms, based on the cable resistance measurement during warming up (see Fig. 9 ). The obtained velocity is around five times higher than calculated adiabatic propagation velocity of 5.2 m/s at the quench current of 7299 A with the field of 6.1 T and the initial temperature of 4.5 K. This may be caused by the increasing temperature of the cable resulting from eddy currents. 
D. Structural Analysis
To reduce the interception of horizontal preload by the rigid coil support [5] , the shape of the 1-mm-thick GFRP spacer inbetween the coils was modified to have the same shape as the Nb 3 Al coil. But this modification led to the unsupported area of the Nb 3 Sn coil end (see Fig. 7 ). To investigate a deformation of the Nb 3 Sn coil by preload and Lorentz force, the mechanical behavior with detailed structure was simulated at a current of 9667 A using the measurement data of preload (step 4 of Fig. 4) . The stress and horizontal displacement distribution of the 1st layer of the Nb 3 Sn SC16 coil are plotted in Fig. 7 , where the GFRP spacer and the Nb 3 Al coil are located in positive x direction. High stress more than 100 MPa and displacement of up to 0.136 mm appeared in the coil end. The peak stress reached 200 MPa. Degraded quench performance of the Nb 3 Sn coil may be explained by these results.
E. Ramp Rate Dependence
The ramp rate dependence is shown in Fig. 8 . The small dependence of the Nb 3 Sn coils made of the Restacked Rod Process (RRP) is consistent with the previous test [6] . The ramp rate dependent quenches have an inversion from Nb 3 Sn coils to the Nb 3 Al K3 coil above 120 A/s. The Nb 3 Al K3 coil has a high sensitivity to ramp rate in comparison with the past measurement of Nb 3 Al coils [2] , [3] . In the winding process, the effective thickness of Nb 3 Al coils was larger than the original design due to cable deformation and insulation reinforcement [9] . The main cause of the large decrease in Fig. 9 . Resistance of the coils around the critical temperature.
quench current of the K3 coil at a fast ramping seems to be large eddy currents arising from low contact resistances between the strands [11] .
F. Quench Protection
The measurement of each coil's resistance is shown in Fig. 9 . The residual resistance ratio (RRR) of K3, K4, SC15, and SC16 coils between 297 K and 19 K was estimated to be 113, 62, 96, and 84, respectively. The RRR of K3 and K4 cables was evaluated to be 180 and 160 by the short sample tests. The RRR of the K4 coil shows a large degradation after the coil fabrication.
The highest experienced MIITs for K3, SC15, and SC16 coils were 4.4 at 7299 A, 2.6 at 9611 A, and 2.7 at 9667 A, respectively. The calculation result of temperature vs. MIITs using the measurements of quench current and RRR is shown in Fig. 10 . The maximum temperature at the quench spot is estimated to be sufficiently low to ensure the magnet's soundness.
IV. SUMMARY
A Nb 3 Al and Nb 3 Sn subscale magnet has been developed for accelerator application. The first excitation test of the magnet was performed at 4.5 K. The highest quench current of 9667 A was achieved at 40 A/s corresponding to 9.0 T in the Nb 3 Sn coil and 8.2 T in the Nb 3 Al coil. A structural issue was found at this current level. The Nb 3 Al coils did not quench at nominal ramp rate. The results of the quench velocity study and the ramp rate dependence of the Nb 3 Al K3 coil suggest the generation of large eddy currents. The magnet disassembly is in progress and further investigation to check the coil damage will be made soon.
